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Organic peroxides have significance in organic synthesis and biological processes. Character-
ization of these compounds with weak O–O bonds is sometimes difficult due to their thermal
instability and sensitivity to acid or base. Coordination of diacyl peroxides with AgBF4
provides a means for analysis of these compounds by coordination ionspray tandem mass
spectrometry (CIS-MS/MS). Precursor ion (Q1) scans of acetyl benzoyl peroxide give two Ag
1
adducts, [M 1 Ag 1 solvent]1 and [M 1 Ag 1 M]1. These silver ion adducts can be selec-
tively dissociated (CID) to give unique structural information about the analyte. Decomposi-
tion of the [M 1 Ag 1 solvent]1 adduct generates fragmentation products due to apparent
homolytic cleavage of the O–O bond followed by decarboxylation of the resultant radicals. The
bis-diacylperoxide complex, [M 1 Ag 1 M]1 gives CID pathways that involve homolysis of
the O–O bond and free radical cross-coupling of the two diacyl peroxides coordinated to the
silver ion, i.e. formation of dibenzoyl peroxide, phenyl benzoate, and biphenyl from acetyl
benzoyl peroxide. The observation of free radical CID modes is uncommon in mass
spectrometry but these pathways are consistent with well-known solution and gas phase
processes for peroxide compounds. The proposed fragmentation pathways have been sup-
ported by experiments with 18O and deuterated substrates. This technique can be applied to
analyze diacyl peroxides with different substituents as well. (J Am Soc Mass Spectrom 2001,
12, 449–455) © 2001 American Society for Mass Spectrometry
Diacyl peroxides, RC(O)OOC(O)R9 (R, R9 5 alkylor aryl), are frequently used as sources of freeradicals in polymerization and organic syn-
thetic applications [1–3]. Extensive studies have been
carried out to investigate the decomposition pathways
of diacyl peroxides in both solution and in the gas phase
[4–8]. Although the decomposition pathways depend
on the substituents (R and R9) and polarity/viscosity of
the solvents used in the decomposition (Scheme 1), the
major pathways in solution involve homolysis or het-
erolysis of the peroxide bond. The homolysis pathway
generates carboxyl radicals, which can either recombine
to regenerate the starting peroxide a (route i, Scheme 1)
or further undergo decarboxylation and coupling to
give alkane b or c, carboxylic acid e, ester f, or alkane
R–R9 d. The ionic pathway (route ii, Scheme 1) gener-
ates ROC(O)OC(O)R9 g through a carboxy-inversion
process [4].
Typical values of bond dissociation energy (BDE) for
the O–O bond in diacyl peroxides are around 30 kcal/
mol [Ac2O2, 29.5 kcal/mol; (EtCO2)2, 30.0 kcal/mol;
(PrCO2)2, 30.0 kcal/mol]. The cleavage of the O–O bond
is thus considerably easier than it is for dialkyl perox-
ides, peroxy esters (BDE 5 35–39 kcal/mol), or hy-
droperoxides (BDE 5 40–43 kcal/mol) [2]. Therefore,
the weak O–O bond sometimes makes the synthesis and
characterization of this class of compound difficult.
Although mass spectrometry plays an indispensable
role in the structural elucidation of organic compounds,
there are only a few reports of the mass spectrometric
behavior of organic peroxides, especially diacyl perox-
ides [9–11]. Low energy ionization methods have been
applied to study the mass spectrometry of organic
peroxides but methods such as chemical ionization (CI)
and Fourier transformation ion cyclotron resonance
(FT-ICR) frequently result in proton-induced decompo-
sition of the compounds [12]. The electrospray ioniza-
tion (ESI) technique, an extremely gentle ionization
method, has been widely used in structural studies of
synthetic and biological compounds [13]. However,
numerous classes of compounds are inaccessible to
analysis by ESI mass spectrometry due to the absence of
deprotonation or protonation sites. Protonation of the
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peroxides normally induces fragmentation by ionic
mechanisms.
Metal ions such as Li1, Na1, and Ag1 have been
used for decades in mass spectrometry to cationize
organic compounds containing hard or soft Lewis basic
cites [14]. Combined with electrospray ionization tech-
nique, coordination ionspray mass spectrometry (CIS-
MS) involves formation of positively or negatively
charged complexes of analytes formed by the addition
of a suitable coordination ion (metal ions in most cases)
to the analyte [15]. This method has the potential to
avoid the use of hard Lewis acids, such as a proton, but
still provides a means for charge formation from those
compounds that may be sensitive to decomposition by
protons, thus enabling their analysis by mass spectro-
metry.
Mass spectrometry has been widely used to study
the gas phase chemistry of ions, complexes, or neutrals
[16–20]. The study of reactions occurring in the gas
phase may provide insight into the mechanism of
organic reactions due to the absence of solvation. For
example, many efforts have been devoted to the study
of the gas phase chemistry of organometallic com-
pounds by different mass spectrometry methods [21–
25]. These studies provide knowledge about the intrin-
sic properties of bare or ligated transition-metal ions, or
their respective neutrals. The study of the gas phase
chemistry of free radical precursors such as peroxides
might also benefit from examination by various mass
spectrometry techniques, if charged adducts of the
peroxides can be generated.
In light of the success of previous studies utilizing
silver ion to cationize analytes [26], we have applied
coordination ionspray tandem mass spectrometry (CIS-
MS/MS) to the analysis of diacyl peroxides by forma-
tion of silver ion adducts from AgBF4 [27]. In the parent
scan (Q1), diacyl peroxides form two major adducts,
[M 1 Ag 1 solvent]1 and [M 1 Ag 1 M]1 and struc-
tural information is obtained by analysis of CID spectra
of these two adducts. A free radical pathway has been
proposed to explain the fragmentation patterns of the
silver ion adducts.
Experimental
Reactions involving organic peroxides were monitored
by TLC using a stain of 1.5 g N,N9-dimethyl-p-phenyl-
enediamine dihydrochloride/25 mL H2O/125 mL
MeOH/1 mL acetic acid. Peroxyl acids yield an imme-
diate pink color, whereas diacyl peroxides exhibit a
pink color after mild charring. TLC was carried out
using 0.2-mm layer thickness Si coated on aluminum
(EM Scientific) and was visualized by UV 254, phospho-
Scheme 1. Pathways for the thermal decomposition of diacyl
peroxides in solution. The line on top of different species indicates
the cage.
Figure 1. The diacyl peroxides studies by CIS-MS/MS. (Only one position is O-18 labeled in each
molecule.)
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molybdic acid char, or the peroxide stain. All reactions
were carried out under Ar or N2 atmosphere in flame-
dried glassware employing standard air-free manipula-
tion techniques. All experiments involving peroxides
were carried out behind a safety shield in a hood with
extreme caution.
Reagents were purchased from Aldrich Chemical
(Milwaukee, WI) and were used without further puri-
fication. Organic solvents such as dichloromethane,
hexane, benzene, and ethyl acetate were HPLC quality
and purchased from either Mallinkrodt (St. Louis, MO)
or Fisher Chemical (Phillipsburg, NJ). Drying of these
solvents was carried out by using the Solv-Tek system
(anhydrous alumina).
1H NMR spectra were recorded on either a Bruker
DRX-400 (400 MHz) or Bruker DRX-300 (300 MHz)
spectrometer in CDCl3. Carbon nuclear magnetic reso-
nance (13C NMR) spectra were recorded on either a
Bruker DRX-400 (100 MHz) or Bruker DRX-300 (75
MHz).
Typical Synthetic Procedure of Acetyl Benzoyl
Peroxide [4]
To an ice-cold solution of peroxybenzoic acid (1.36 g, 9.8
mmol) in 10 mL CH2Cl2 was added acetyl chloride (0.8
mL, 9.8 mmol). After addition of pyridine (0.85 mL, 10.5
mmol), the mixture was stirred at 0 °C until TLC
analysis showed the completion of the reaction. The
mixture was poured into 20 mL of ice water. The
organic layer was separated and washed with 20 mL 1%
HCl, 20 mL 5% NaHCO3, and water, 3 3 20 mL. The
organic phase was dried over anhydrous Na2SO4. After
evaporation of the solvent, the residue was separated
by column chromatography using hexane:ethyl acetate
(10:1) as eluent to yield 1.58 g (90%) of white crystal
(m.p. 40 °C): Rf 0.6 (hexane:ethyl acetate 10:1). IR: 3068,
1808, 1770, 1599, 1452, 1365, 1231, 1170, 1036, 1031 cm21;
1H NMR d 8.00 (d, 2H, J 5 7.1), 7.61 (t, 1H, J 5 7.5),
7.46 (t, 2H, J 5 7.46), 2.25 (s, 3H); 13C NMR d 166.13,
162.90, 134.21, 129.67, 128.79, 125.53, 16.62. ESI-MS/MS
(NH4Ac): 198 [M 1 NH4]
1; (AgBF4): 319 [M 1 Ag 1
MeOH]1.
The deuterated compounds reported here were pre-
pared by the same methods from commercially avail-
able deuterated precursors. The synthesis of O-18 spe-
cifically labeled peroxides will be published elsewhere
[28].
Mass Spectrometry
ESI-MS/MS was run on a Finnigan ThermoQuest TSQ
7000 (San Jose, CA) triple quadrupole mass spectrome-
ter equipped with an API-1 electrospray ionization
source. Data acquisition and spectral analysis were
done using the ICIS software running on Digital Equip-
ment Alpha System 4/166. Nitrogen gas served both as
sheath gas and auxiliary gas; argon served as collision
gas. The electrospray needle was maintained at 3.6 kV
and the heated capillary temperature was 120 °C to
minimize thermal degradation of labile peroxides. Sam-
ple was introduced to the mass spectrometer by a
syringe pump (Harvard Apparatus, Cambridge, USA)
at a rate of 10 mL/min. The capillary and tube lens
voltage and quadrupole voltages were adjusted to max-
imize ion current for electrospray during the parent
scan (Q1). MS/MS experiments were performed at a
collision gas pressure of 2.8–3.0 mtorr (1 torr 5 133.322
Pa).
To obtain fragmentation information of silver ion
adducts, the dependence of collision energy on the
relative abundance was studied. Positive ions were
detected scanning from 10 to 500 u with a total scan
duration of 1 s. Profile data were recorded and aver-
aged (.60 scans) before off-line centroiding for quanti-
tative analysis.
Results and Discussion
The diacyl peroxides studied by CIS-MS/MS are shown
in Figure 1. Acetyl benzoyl peroxide (Compound 1) was
studied extensively as a model compound. Deuterated
analogs (compounds 2, 3, and 4) were employed to
confirm the proposed fragmentation patterns. Com-
pounds 5–10, with only one 18O label in each molecule,
were analyzed by the same methods.
As shown in Figure 2a, a typical Q1 scan (parent
scan) gives two silver ion adducts, [M 1 Ag 1
MeOH]1 m/z 319/321, and [M 1 Ag 1 M]1 m/z 467/
469, owing to the isotopes of silver 107 (51%) and 109
(49%). Collision induced dissociation (CID) spectra of
these two adducts are shown in Figure 2b (m/z 319) and
2c (m/z 467), respectively. The relative ratio of the two
adducts [M 1 Ag 1 MeOH]1 and [M 1 Ag 1 M]1 de-
pends on the ratio of the concentration of the diacyl
peroxide and silver ion in solution. As shown in Figure
3, intensity of peak m/z 467 [M 1 Ag 1 M]1 increases
with an increase in the ratio of diacyl peroxides to silver
ion. A ratio of [peroxide]/[Ag1] of 2/1 gives approxi-
mately equal amounts of adducts [M 1 Ag 1 MeOH]1
and [M 1 Ag 1 M]1.
CID Fragmentation Pathway of Silver Ion Adduct
[M 1 Ag 1 MeOH]1
A typical CID spectrum of the silver ion adduct of
acetyl benzoyl peroxide, compound 1, m/z 319 [M 1
Ag 1 MeOH]1 (Ag 107) is shown in Figure 2b. The
major fragmentation pathways of the adduct are pro-
posed in Figure 4a. When silver ion adduct 1-a, with m/z
319 is selectively dissociated, it gives fragment 1-b, m/z
287, by loss of methanol from the complex. Through
route (i), 1-b gives fragment 1-c m/z 228 by O–O
homolysis and this adduct can be further fragmented to
a phenyl radical silver ion complex, 1-d m/z 184 by
decarboxylation. Alternatively, fragment 1-b undergoes
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dissociation by a minor route (ii) to generate 1-f with
m/z 201 as well as 1-e, m/z 202. The m/z 201 adduct has
a mass consistent with a phenol-silver ion adduct
(PhOH–107Ag). Experiments with labeled compounds
2-10, vide infra, indicate that this adduct contains the
phenyl group and a hydrogen that originates in the
acetyl group, –OC(O)CH3. The oxygen of the adduct
originates from any of the positions O-2, O-3, or O-4
(see Figure 1) of the diacyl peroxide. Oxygen label at
O-1 of the starting peroxide (compound 5) is found
neither in the m/z 201 nor the m/z 202 adduct. The
mechanism for the formation of both adducts is obvi-
ously complex.
Figure 2. (a) Q1 scan (parent scan) of acetyl benzoyl peroxide
(Compound 1), m/z 319/321 and m/z 467/469 correspond to [M 1
Ag 1 MeOH]1 and [M 1 Ag 1 M]1, respectively; (b) CID spec-
trum of [M 1 Ag 1 MeOH]1 with m/z 319 at 11 eV; and (c) CID
spectrum of [M 1 Ag 1 M]1 with m/z 467 at 11 eV.
Figure 3. Concentration dependence of adducts [M 1 Ag 1
MeOH]1 (m/z 319) and [M 1 Ag 1 M]1 (m/z 467) (I467, intensity
of m/z 467; I319, intensity of m/z 319; [peroxide], concentration of
diacyl peroxide; [Ag1], concentration of AgBF4).
Figure 4. (a) Proposed fragmentation pathways of silver ion adduct of [M 1 Ag 1 MeOH]1 (m/z
319) and (b) energy dependence of CID of [M 1 Ag 1 MeOH]1.
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Energy-resolved CID experiments have been carried
out and the results are shown in Figure 4b. Relative
abundances of 1-a m/z 319 and 1-b m/z 287 tend to
decrease with an increase of the CID energy. The
intensity of product ion 1-d m/z 184 increases with the
increase of CID energy. Intermediate ion 1-c m/z 228 has
a maximum abundance at 11 eV. Compared with our
previous results [11b], silver ion binds tighter to diacyl
peroxides than does ammonium [NH4]
1 because higher
energies are required for dissociation of the silver ion
adduct [11b]. Based on the CID energy patterns of 1-e
and 1-f, they are both intermediate fragments and they
may lie on the pathway to product ion 1-d.
The proposed CID fragmentation pathways are fur-
ther supported by the deuterated and 18O labeled
substrates 2–10. The corresponding CID fragments and
relative abundances are summarized in Table 1. Com-
pound 2, with a deuterated methyl group, gives a
parent adduct m/z 322 [M 1 Ag 1 MeOH]1, and frag-
ments of m/z 228 and 184, indicating that the deutera-
tion is on the acetyl side. All fragments of compound 3,
fully deuterated acetyl benzoyl peroxide, and com-
pound 4 with a perdeuterated phenyl ring, are consis-
tent with the proposed pathway (Figure 4a). As to the
18O labeled analogs, the free radical pathway can be
used to roughly locate the 18O label in the peroxides.
Compound 5 with 18O on position 1 and compound 6
with 18O on either position 1 or 2, gives a fragment m/z
232, which indicates that 18O label is on the phenyl-ring
side of the O–O bond. However, position 1 and 2 cannot
be distinguished due to the absence of bond cleavage
between the carbon atom of the benzoyl carbonyl and
O-2. Compounds 7 and 10, which have the 18O label on
either side of the O–O bond, have fragment m/z 232 (18O
on the phenyl-ring side) and m/z 230 (18O on the acetyl
side). Compounds 8 and 9 give only a fragment of m/z
230 indicating that the 18O label resides on the acetyl
side of O–O bond.
CID Fragmentation Pathways of Silver Ion Adduct
[M 1 Ag 1 M]1
The fragmentation pathways of the silver ion adduct
[M 1 Ag 1 M]1 are illustrated in Figure 5a. This bis-
peroxide silver complex gives more complex fragmen-
tation patterns than those of the [M 1 Ag 1 solvent]1
adduct. The same free radical fragments resulting from
O–O bond homolysis are observed [see route (iii),
Figure 5a]. However, a series of free radical cross-
coupling reactions occurs between the two diacyl per-
oxides coordinated to the silver ion through route (iv).
Fragment 1-i m/z 349 is a coupling product of two
benzoyloxyl radicals resulting from homolysis of the
two diacyl peroxides. Further O–O bond homolysis of
1-i followed by decarboxylation and coupling of the
benzoyloxyl radical and phenyl radical generates frag-
ment 1-j m/z 305. Fragment 1-k with m/z 261 is pro-
duced from the coupling of two phenyl radicals. This
same decomposition pathway of diacyl peroxides oc-
curs in solution (Scheme 1) and in the gas phase.
However, observation of the same free radical coupling
reactions in the mass spectrometer is uncommon. Frag-
ment of 1-h with m/z 227 is observed only from the
parent ion of [M 1 Ag 1 M]1 and it is assigned as
benzolactone, which may originate from H-atom ab-
straction from an ortho position of a benzoyloxyl radical
followed by radical coupling of this ortho radical with
the benzoyloxy radical. The H-atom abstraction is con-
ceivable due to the fact that there are four radicals
coordinating to silver ion from the O–O homolysis. As
shown in the energy-resolved CID spectra (Figure 5b,
showing only the fragments related to the radical
cross-coupling pathway), relative abundance of the
parent ion 1-g m/z 467 decreases with an increase of CID
energy. Fragments 1-i m/z 349 has a maximum at 8 eV,
whereas 1-b m/z 287 shows a peak at 10 eV, which
suggested that O–O bond homolysis for the symmetric
diacyl peroxide (dibenzoyl peroxide 1-i) is easier than
that of the precursor unsymmetric diacyl peroxide.
The proposed free radical cross-coupling pathways
are further supported by the spectra obtained from the
deuterated acetyl benzoyl peroxides. The fragments
and relative abundances of these deuterated substrates
Table 1. Significant CID fragments and relative abundance of
silver ion adduct of [M 1 Ag 1 MeOH]1 of deuterated and 18O
labeled acetyl benzoyl peroxides (offset at 11 eV)
aTentative position of O atoms.
bAdducts with isotope Ag 107.
cRelative abundance.
dAdducts with isotope of Ag 109.
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are summarized in Table 2. Compound 2 with [M 1
Ag 1 M]1 m/z 5 473 generates the same fragments of
radical cross-coupling reactions as those of compound
1. Compound 3 and 4 with parent ions of m/z 483 and
477, respectively, give fragments of m/z 359, 315, and
271, indicating that there is a perdeuterated phenyl ring
in the diacyl peroxides. Furthermore, the structure of
benzolactone 1-h m/z 227 is supported by presence of a
fragment m/z 227 from compounds 1 and 2, and a
fragment m/z 231 for compounds 3 and 4.
Conclusions
Silver ion forms strong complexes with diacyl perox-
ides, [M 1 Ag 1 solvent]1 and [M 1 Ag 1 M]1,
which can be analyzed by mass spectrometry. The silver
ion/solvent adduct, [M 1 Ag 1 solvent]1, dissociates
by fragmentation of the weak peroxide bond and
daughter ions result from apparent free radical pro-
cesses such as decarboxylation and radical–radical cou-
pling. As to silver ion-bis diacyl peroxide complexes,
[M 1 Ag 1 M]1, besides the daughter ions resulting
from apparent O–O bond fragmentation, cross-coupling
peroxide products are also observed. All the proposed
free radical pathways are supported by the deuterated
and 18O labeled diacyl peroxide. Silver ion coordination
mass spectrometry appears to be well-suited for analy-
sis of peroxide function groups.
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